PG9 and PG16 are two recently isolated quaternary-specific human monoclonal antibodies that neutralize 70 to 80% of circulating HIV-1 isolates. The crystal structure of PG16 shows that it contains an exceptionally long CDR H3 that forms a unique stable subdomain that towers above the antibody surface to confer fine specificity. To determine whether this unique architecture of CDR H3 itself is sufficient for epitope recognition and neutralization, we cloned CDR H3 subdomains derived from human monoclonal antibodies PG16, PG9, b12, E51, and AVF and genetically linked them to a glycosyl-phosphatidylinositol (GPI) attachment signal. Each fusion gene construct is expressed and targeted to lipid rafts of plasma membranes through a GPI anchor.
During human immunodeficiency virus type 1 (HIV-1) infection, a proportion of individuals develop broadly neutralizing sera over time (32) . From a few such individuals, a number of potent and broadly cross-neutralizing monoclonal antibodies (MAbs) have also been isolated (36, 38, 40) . Among them, PG9 and PG16 are recently isolated quaternary-specific neutralizing MAbs from a subtype A HIV-1-infected individual in Africa that neutralize 70 to 80% of circulating HIV-1 isolates (36) . PG9 and PG16 bind to overlapping, but distinct, gp120 epitopes composed of conserved elements from the second and third variable regions (V2 and V3, respectively). The quaternary epitopes are glycosylated (6) and are preferentially displayed on envelope trimers on the surface of virions and transfected cells but not on recombinant monomeric gp120 or soluble trimers (36) .
To gain insight into the molecular features of antibody binding and neutralizing activities, Pancera et al. (23) and Pejchal et al. (24) recently determined the crystal structures of the Fab fragment of PG16. Antibodies PG9 and PG16 were found to be sulfated (24) . The fine specificity of the antibodies is conferred by an exceptionally long third-heavy-chain complementarity-determining region (CDR H3) that forms a unique stable subdomain towering above the antibody surface (23, 24) .
The lipid raft is a specialized dynamic microdomain of the plasma membrane that is rich in cholesterol, sphingolipids, and glycerophospholipids (31) . The lipid raft has been shown to be a gateway for HIV-1 budding (4, 17) as well as for HIV-1 entry into T cells and macrophages (2, 26, 27) . Interestingly, CD4, the receptor for HIV-1 entry, was found to be located in the lipid raft of the plasma membrane (14, 25) . Previously, we showed that by genetically linking single-chain Fv (scFv) of human anti-HIV-1 envelope antibodies with a glycosyl-phosphatidylinositol (GPI) attachment signal derived from decayaccelerating factor (DAF) (18) , scFvs are targeted into the lipid raft of the plasma membrane. GPI-anchored scFvs (X5, 48d, and 4E10) exhibit greater neutralization against diverse HIV-1 strains than do their soluble counterparts (37) .
Therefore, the exceptionally long and unique structure of the CDR H3 subdomain of PG16 led us to postulate that the CDR H3 subdomain itself may bind to the epitope of gp120 and that the targeting of this subdomain to the lipid raft of the plasma membrane of HIV-1-susceptible cells could neutralize HIV-1 infection efficiently.
To test this hypothesis, we constructed CDR H3 derived from five human monoclonal antibodies, PG16, PG9, b12, E51, and AVF. Antibody AVF recognizes the influenza virus hemagglutinin, which is used here as a negative control (33) . Antibody b12 is a well-known broadly neutralizing antibody with a protruding, fingerlike, long CDR H3 that penetrates the recessed CD4 binding site of gp120 (1, 29, 41) . In addition, a Tyr residue in the CDR H2 loop and a number of Arg residues in CDR L1 are also important for b12 binding (42) . Nevertheless, a soluble b12 CDR H3 peptide exhibits relatively weak neutralization (42) . Antibody E51 is another sulfated antibody that recognizes the CCR5 binding site of gp120 (39) . A sulfated peptide derived from CDR H3 of E51 binds gp120 and inhibits HIV-1 infection (7). In addition, we constructed three CDR H3 mutants (Y100HF, D100IA, and G7) of PG16. These CDR H3 mutants were previously shown to compromise the neutralization activity of antibody PG16 (24) . Here, we report that by genetically linking the CDR H3 of PG16, PG9, AVF, b12, and E51 and the CDR H3 mutants of PG16 with a GPI attachment signal of DAF, CDR H3 and the CDR H3 mutants are targeted to lipid rafts of plasma membranes through a GPI anchor. Moreover, GPI-CDR H3 derived from PG16, PG9, and E51 [GPI-CDR H3(PG16, PG9, and E51)], but not GPI-CDR H3(AVF and b12), neutralizes multiple clades of HIV-1 isolates with a high degree of potency. Furthermore, the transduction of human CD4 ϩ T cells with GPI-CDR H3(PG16), but not GPI-CDR H3(AVF), confers resistance to HIV-1 infection. Finally, the CDR H3 mutations (Y100HF, D100IA, and G7) that were previously shown to compromise the neutralization activity of antibody PG16 also abolished the neutralization activity of GPI-CDR H3(PG16). Thus, we conclude that the CDR H3 subdomain of PG16, when targeted to the lipid raft of the plasma membrane of HIV-1-susceptible cells, efficiently neutralizes HIV-1 infection.
MATERIALS AND METHODS
Gene construction and cells. Fusion gene fragments encoding the CDR H3 subdomain of antibodies PG16, PG9, E51, b12, and AVF and the CDR H3 mutants (Y100HF, D100IA, and G7) of PG16 along with an IgG3 hinge, a His tag, and a GPI attachment signal were generated by overlapping PCR, ligated into the TA vector system (Invitrogen Life Technologies, San Diego, CA), and sequenced as described previously (28) . The gene fragments with the correct sequences were religated between the BamHI and SalI sites of a third-generation lentiviral transfer vector, pRRLsin-18.PPT.hPGK.Wpre (8) . The resulting lentiviral transfer constructs were designated pRRL-CDR H3(PG16, PG9, E51, b12, and AVF)/IgG3 hinge/His tag/DAF (Fig. 1A) and pRRL-CDR H3 mutants (Y100HF, D100IA, and G7) of PG16/IgG3 hinge/His tag/DAF (see Fig. 4A ), respectively.
The packaging cell line 293T was purchased from Invitrogen Life Technologies and was maintained in complete Dulbecco's modified Eagle's medium (DMEM) (i.e., high-glucose DMEM supplemented with 10% fetal bovine serum [FBS], 2 mM L-glutamine, 1 mM sodium pyruvate, penicillin [100 U/ml], and streptomycin [100 g/ml]) plus G418 (500 g/ml) (Invitrogen Life Technologies). The human CD4 ϩ T cell line CEMss-CCR5 was generated as described previously (37) . TZM-bl cells were obtained from the NIH AIDS Research and Reference Reagent Program (ARRRP; Germantown, MD), contributed by J. Kappes and X. Wu (16) . CEMss-CCR5 and TZM-bl cells were maintained in complete DMEM.
Generation of recombinant lentiviral vectors. Recombinant lentiviral vectors were generated as described previously (35, 37) . Briefly, 4 ϫ 10 6 293T cells were seeded onto a P-100 dish in 10 ml complete DMEM. After culturing overnight, cells were cotransfected with 20 g transfer construct (one of the above-mentioned pRRL-CDR H3/IgG3 hinge/His tag/DAF or pRRL-CDR H3 mutants of PG16/IgG3 hinge/His tag/DAF constructs), 10 g packaging construct encoding HIV-1 Gag/Pol (pLP1), 7.5 g plasmids encoding the vesicular stomatitis virus G protein (VSV-G) envelope (pLP/VSVG), and 7.5 g HIV-1 Rev protein (pLP2) (Invitrogen), using a calcium phosphate precipitation method. Sixteen hours later, culture supernatants were removed and replaced with fresh complete DMEM plus 1 mM sodium butyrate (Sigma). Eight hours later, supernatants were again removed and replaced with fresh DMEM plus 4% FBS. After another 20 h, the culture supernatants were harvested and concentrated by ultracentrifugation as described previously (35, 37) . The vector pellets were resuspended in a small volume of DMEM and stored in aliquots in a Ϫ80°C freezer. Vector titers were determined as previously described (35, 37) . The amount of HIV-1 Gag p24 in concentrated vector stocks was determined by an enzyme-linked immunosorbent assay (ELISA) (see below). Generation of stable cell lines expressing GPI-anchored CDR H3. To transduce CEMss-CCR5 cells, 1 ϫ 10 5 CEMss-CCR5 cells and 2 ϫ 10 6 transducing units (TU) of one of the lentiviral vectors containing pRRL-CDR H3(PG16 and AVF)/IgG3 hinge/His tag/DAF were added to 24-well tissue culture plate in the presence of 8 g/ml of Polybrene (Sigma). Twenty-four hours later cells were extensively washed and cultured in complete DMEM.
To transduce TZM-bl cells, 5 ϫ 10 4 TMZ-bl cells per well were seeded onto a 24-well plate. After culturing overnight, 2 ϫ 10 6 TU of one of the lentiviral vectors containing pRRL-CDR H3(PG16, PG9, E51, b12, and AVF)/IgG3 hinge/ His tag/DAF or pRRL-CDR H3 mutants (Y100 HF, D100IA, and G7) of PG16/IgG3 hinge/His tag/DAF was added onto a 24-well tissue culture plate in the presence of 8 g/ml of Polybrene. Twenty-four hours later cells were extensively washed and cultured in complete DMEM. The expressions of pRRL-CDR H3/IgG3 hinge/His tag/DAF and pRRL-CDR H3 mutant/IgG3 hinge/His tag/ DAF constructs were measured by fluorescence-activated cell sorter (FACS) analysis (see below). We usually found that after a single round of transduction, over 98% of cells express transgenes (data not shown). After transduced cells were generated, cells were continuously cultured in complete DMEM and split every 3 or 4 days. Periodically, the expression of transgenes was measured. We found that the level of transgene expression was very stable in the transduced cell lines (data not shown). To determine whether the expression of pRRL-CDR H3/IgG3 hinge/His tag/ DAF or pRRL-CDR H3 mutant/IgG3 hinge/His tag/DAF is truly targeted through a GPI anchor, 8 ϫ 10 5 mock-and pRRL-CDR H3(PG16, E51, b12, and AVF)/IgG3 hinge/His tag/DAF-or pRRL-CDR H3 mutant (Y100HF, D100IA, and G7) of PG16/IgG3 hinge/His tag/DAF-transduced TMZ-bl cells were first incubated with or without 6 U/ml phosphatidylinositol-specific phospholipase C (PI-PLC) (Invitrogen) in 0.5 ml 1ϫ PBS and rocked at 4°C for 20 min. After the incubation, cells were washed twice to remove the remaining PI-PLC and then stained with a mouse anti-His tag antibody as described above.
Generation of pseudotypes of the HIV-1 vector and a single-cycle infectivity assay. To generate pseudotypes with the HIV-1 vector, 4 ϫ 10 6 293T packaging cells were cotransfected with 10 g of an HIV-1-luciferase transfer vector (10) and 1 g of a DNA plasmid encoding one of several HIV-1 envelopes (Q168, AD8, ADA, Yu2, JRFL, HXBc2, Mj4, consensus C, CNE3, CNE5, CNE6, CNE8, CNE11, CNE15, CNE17, CNE30, CNE50, CNE55, CH091.9, CH110.2, CH114.8, CH119.10, CH120.6, and CH181.12) or control retroviral envelope 10A1 (19) and VSV-G (37) by using a calcium phosphate precipitation method. DNA plasmids encoding HIV-1 envelopes Q168, AD8, ADA-M, JRFL, HXBc2, and Mj4 were obtained from the ARRRP. The DNA plasmid encoding consensus C was a generous gift of B. H. Hahn at the University of Alabama. Q168 is derived from an R5-tropic clade A virus (22) . AD8, Yu2, JRFL, and ADA-M are derived from R5-tropic clade B viruses (12, 13). HXBc2 is derived from an 8468 LIU ET AL. J. VIROL.
X4-tropic clade B virus (9) . Consensus C is an artificial HIV-1 envelope (12). Mj4 is derived from R5-tropic clade C viruses (21) . CNE3, CNE5, CNE8, and CNE55 are derived from R5-tropic CRF01_AE viruses. The HIV-1 envelopes CNE6 and CNE11 are derived from a R5-tropic clade BЈ viruses. HIV-1 envelopes CNE15, CNE17, CNE30, CNE50, CH091.9, CH110.2, CH114.8, CH119.10, CH120.6, and CH181.12 are derived from CRF07_BЈC viruses (30) . The pseudotype-containing supernatants were harvested and stored in aliquots in a freezer at Ϫ80°C. The amount of HIV-1 p24 in collected supernatants was measured by an ELISA. In a single-cycle assay to measure the infectivity of pseudotypes, 10,000 mock-, pRRL-CDR H3/IgG3 hinge/His tag/DAF-, or pRRL-CDR H3 mutant/IgG3 hinge/His tag/DAF-transduced TZM-bl or CEMss-CCR5 cells were transduced with HIV-1, 10A1, or VSV-G pseudotype-containing supernatants equivalent to a relative luciferase activity (RLA) of 179,000 to 1,800,000 overnight. Cells were then washed twice with PBS and cultured in complete DMEM for 2 days. Cells were then washed once with PBS and lysed in 100 l of lysis buffer. The luciferase activity in 50-l cell suspensions was measured by a BrightGlo luciferase assay according to the manufacturer's instructions (Promega).
SIV and HIV-1 infections and luciferase and p24 assays. Mock-, pRRL-CDR H3/IgG3 hinge/His tag/DAF-, or pRRL-CDR H3 mutant/IgG3 hinge/His tag/ DAF-transduced TZM-bl cells at 5,000 cells per well were seeded onto a 96-well plate. After culturing overnight, cells were infected with HIV-1 strains Bru-3, Bru-Yu2, and AD8 (34) as well as a simian immunodeficiency virus (SIV) strain SIVMne027 as a control (11) at a multiplicity of infection (MOI) of 2 in a final volume of 0.2 ml overnight. Cells were then washed three times with Hanks' balanced salt solution (HBSS), cultured in 0.2 ml of complete DMEM, and incubated at 37°C for 2 days. The infectivity of HIV-1 was determined by a BrightGlo luciferase assay (see above).
To test the effect of GPI-CDR H3(PG16) on HIV-1 infection and replication in human CD4
ϩ T cells, 1 ϫ 10 6 CEMss-CCR5 cells transduced with GPI-CDR3(PG16 and AVF) were infected with HIV-1 strains Bru-3 and Bru-Yu2 at an MOI of 0.01 in a final volume of 0.5 ml overnight. Cells were then extensively washed with HBSS, resuspended in 6 ml of complete DMEM, and cultured for 15 days. Every 3 days, 4.5 ml of cell suspensions was harvested and replaced with fresh medium. The supernatants were then collected. HIV-1 p24 in the supernatants was measured by an ELISA (Beckman Coulter) according to the manufacturer's instructions. Immunofluorescent staining and confocal analysis. Parental and TZM-bl-GPI-CDR3(PG16 and AVF) cells were seeded (5,000 cells per well) onto a tissue culture-treated glass slide (BD Biosciences) and incubated at 37°C in 5% CO 2 for 2 days. Cells were then washed twice with 500 l PBS and fixed by fixation buffer (4% formaldehyde in PBS plus 1% BSA) for 15 min. Cells were washed twice with 500 l PBS and blocked with blockage buffer (5% goat serum in PBS plus 1% BSA) for 1 h. Cells were stained with Alexa 555-conjugated cholera toxin subunit B (CtxB) (Invitrogen Life Technologies) at 4°C for 45 min. After being washed 3 times with PBS, cells were stained with mouse anti-His tag antibody (Sigma) at 4°C for 45 min and then stained with Alexa 488-conjugated goat anti-mouse IgG antibody (Invitrogen) at 4°C. After cells were washed 3 times with PBS, cells were stained with 4Ј,6-diamidino-2-phenylindole (DAPI) in permeabilization buffer (blockage buffer plus 0.5% saponin) for 5 min. The slides were mounted before being analyzed under a confocal fluorescence microscope (Zeiss model LSM 510).
RESULTS
Expression of the CDR H3 subdomain in the lipid raft of the plasma membrane through a GPI anchor. To generate GPIanchored CDR H3, the sequences encoding CDR H3 derived from four different human antibodies, PG16, b12, E51, and AVF, were genetically linked with the sequence encoding a His-tagged IgG3 hinge region and the sequence encoding a GPI attachment signal of DAF (18) . The CDR H3/IgG3 hinge/ His tag/DAF (PG16, b12, E51, and AVF) fusion genes were inserted into a third-generation lentiviral vector, pRRL (Fig.  1A) . The peptide sequences of human antibodies PG16, b12, E51, and AVF CDR H3 are shown in Fig. 1B . The recombinant viruses were then generated as described previously (35) and used to transduce TZM-bl cells and human CEMss-CCR5 CD4 ϩ T cells (see below). To determine if CDR H3/hinge/His tag/DAF was expressed on the cell surface through a GPI anchor, four TZM-bl cellsone transduced with lentiviral vector expressing CDR H3(PG16)/hinge/His tag/DAF, one transduced with lentiviral vector expressing CDR H3(b12)/hinge/His tag/DAF, one transduced with lentiviral vector expressing CDR H3(E51)/ hinge/His tag/DAF, and one transduced with lentiviral vector expressing CDR H3(AVF)/hinge/His tag/DAF-were treated with or without phosphatidylinositol-specific phospholipase C (PI-PLC) and stained with an anti-His tag antibody, followed by FACS analysis. Figure 1C shows that all 4 CDR H3/hinge/His tag/DAFs were highly expressed on the surface of the cells, and their expression was substantially reduced with PI-PLC treatment, indicating that the attachment of CDR H3/hinge/His tag/DAF to the cell surface is indeed through a GPI anchor. Thus, for the sake of simplicity, in the remaining text we will refer to CDR H3/hinge/His tag/DAF as GPI-CDR H3.
To determine if GPI-CDR H3 is located in the lipid rafts of plasma membranes, mock-and GPI-CDR H3(PG16 and AVF)-transduced TZM-bl cells were cultured overnight and costained with (i) mouse anti-His tag antibody followed by Alexa 488-conjugated goat anti-mouse IgG antibody, (ii) Alexa 555-conjugated cholera toxin subunit B (CtxB), and (iii) DAPI. CtxB interacts with GM1 (a lipid raft marker) on the cell surface. Figure 2 shows that both GPI-CDR H3(PG16) and GPI-CDR H3(AVF) are colocalized with GM1 on the cell surface, implying that they are located in the lipid raft of the plasma membrane. GPI-CDR H3(PG16) exhibits a remarkable degree of breadth and potency against HIV-1. Next, we tested the neutralization activity of GPI-CDR H3 against HIV-1. Because the ability of GPI-CDR H3 to neutralize virus could be impacted by differences in the level of expression of CD4, CXCR4, or CCR5 on the surface of transduced TZM-bl cells, we first assessed the expression levels of these receptors in mock-transduced parental TZM-bl cells as well as GPI-CDR H3-transduced TZM-bl cells. In all cases, the values were similar (see Fig. S1 in the supplemental material), suggesting that the expression of the GPI-CDR H3 transgenes does not alter the expression of the receptor and the coreceptors for HIV-1 in transduced cells. In addition, the expression of the transgenes did not alter cell growth (data not shown).
To test the neutralization activity of GPI-CDR H3 against HIV-1, a panel of 24 virions pseudotyped with envelopes representing different HIV-1 clades or a control retroviral envelope, 10A1, was used to infect GPI-CDR H3(PG16, b12, E51, and AVF)-transduced TZM-bl cells in a single-round infection experiment (37) . The retroviral envelope 10A1 recognizes either Ram-1 or Glvr-1 as a receptor for cell entry (19) and was used here as negative control. The panel of HIV-1 pseudotypes consists of HIV-1 envelopes derived from clade A (Q168), clade B (ADA-M, AD8, HXBc2, JRFL, and Yu2), clade BЈ (CNE6 and CNE11), clade C (Mj4 and consensus C), CRF07_BЈC (CNE15, CNE17, CNE30, CNE50, CH091.9, CH110.2, CH114.8, CH119.10, CH120.6, and CH181.12), and CRF01_AE (CNE3, CNE5, CNE8, and CNE55). Figure 3A shows the percentage of the reduction of relative luciferase activity (RLA) in four GPI-CDR H3(PG16, b12, E51, and AVF)-transduced cells infected with these pseudotypes compared to mock-transduced parental cells infected with the same panel of pseudotypes. Compared to mock-transduced parental TZM-bl cells, cells transduced with GPI-CDR H3(AVF, PG16, b12, and E51) did not show any significant neutralization activity against the 10A1 pseudotyped control virus. Furthermore, compared to mock-transduced parental TZM-bl cells, cells transduced with GPI-CDR H3(AVF) did not show any significant neutralization activity against any of the 24 HIV-1 pseudotypes, and cells transduced with GPI-CDR H3(b12) had minimum neutralization activity against 2 (Q168 and Yu2) of the 24 HIV-1 pseudotypes with a low degree of potency. In contrast, cells transduced with both GPI-CDR H3(PG16) and GPI-CDR H3(E51) neutralized all 24 HIV-1 pseudotypes with remarkable degrees of potency. GPI-CDR H3(PG16) reduced the infection of 17 HIV-1 pseudotypes by over 99%, inhibited the infection of the other 6 HIV-1 pseudotypes by over 90%, and reduced the infection of JRFL by 70%. GPI-CDR H3(E51) conferred over 99% inhibition of 11 HIV-1 pseudotypes, over 90% inhibition of the other 12 HIV-1 pseudotypes, and 83% inhibition of JRFL. Both GPI-CDR H3(PG16) and GPI-CDR H3(E51) inhibited HIV-1 pseudotypes expressing envelopes derived from clades A, B, and BЈ with similar degrees of potency, whereas for most of the HIV-1 pseudotypes derived from clades BЈC, C, and AE,
GPI-CDR H3(PG16) inhibited infection better than did GPI-CDR H3(E51).
We next tested the neutralization activity of GPI-CDR H3 against three replication-competent HIV-1 strains (Bru-3, BruYu2, and AD8) as well as a SIVMne027 control. Figure 3B shows means and standard deviations of RLA in parental TZM-bl cells and GPI-CDR H3(AVF, b12, PG16, and E51)-transduced TZM-bl cells infected with these HIV-1 and SIV strains. As expected, compared to mock-transduced parental TZM-bl cells, cells transduced with GPI-CDR H3(AVF, b12, PG16, and E51) did not show any significant neutralization activity against the SIVMne027 control. Compared to mocktransduced parental TZM-bl cells, cells transduced with GPI-CDR H3(AVF and b12) did not show any significant neutralization activity against any of 3 HIV-1 strains. In contrast, similar to what was observed with HIV-1-pseudotyped virions, cells transduced with GPI-CDR H3(PG16 and E51) neutralized all 3 viruses.
Since antibodies PG9 and PG16 are somatic variants and a 7-amino-acid region in CDR H3 is responsible for the fine specificity of these antibodies (24), we also constructed GPI-CDR H3(PG9) and transduced the construct into TZM-bl cells. We then compared the cell surface expressions and anti-HIV-1 activities of GPI-CDR H3(PG9) and GPI-CDR H3(PG16). Figure 3C shows similar degrees of cell surface expression of GPI-CDR H3(PG9) compared with those of the other GPI-CDR H3 constructs (PG16, AVF, and E51). Figure  3D shows that GPI-CDR H3(PG9) exhibited the same degree of inhibition against 5 representative HIV-1 pseudotypes as that of GPI-CDR H3(PG16 and E51). Again, none of these GPI-CDR H3 constructs exhibited any neutralization activity against the SIVMne027 control.
In addition, we synthesized three CDR H3 peptides (AVF, E51, and PG16) and constructed four new lentiviral vectors expressing the secretory form of CDR H3 [CDR H3(AVF), CDR H3(PG16), CDR H3(PG9), and CDR H3(E51)]. We then compared the anti-HIV-1 activities of TZM-bl cells expressing GPI-CDR H3(AVF, PG9, PG16, and E51) and TZM-bl cells expressing the secretory form of CDR H3(AVF, PG9, PG16, and E51). We found that only cells expressing GPI-CDR H3(PG9, PG16, and E51) but not cells expressing the secretory form of CDR H3(PG9, PG16, and E51) exhibited significant inhibition against five representative HIV-1 pseudotypes tested (data not shown). Similarly, soluble AVF, PG16, and E51 CDR H3 peptides at concentrations of 0.1, 1, and 10 M also did not have any inhibitory effect on HIV-1 (data not shown). At this time, it is not clear whether the lack of an inhibitory effect of secreted CDR H3(PG9 and PG16) is due to a limited amount of CDR H3 peptides present in the culture supernatants and whether the lack of an inhibitory effect of synthetic CDR H3 peptides (E51 and PG16) is due to the lack of sulfation of these synthetic peptides.
Pejchal et al. showed previously that CDR H3 mutants (Y100HF, D100IA, and G7) of antibody PG16 reduced neutralization activity against JR-CSF, resulting in 2.2-, 200-, and Ͼ500-fold increases in the 50% inhibitory concentration (IC 50 ) compared to that of wild-type antibody PG16 (24) . Therefore, to test whether such CDR H3 mutants would also affect the neutralization activity of GPI-anchored CDR H3 of PG16, we constructed transfer vectors expressing three GPI-CDR H3 mutants (Y100HF, D100IA, and G7) of PG16 (Fig. 4A) . Recombinant lentiviruses generated from these transfer vectors were used to transduce TZM-bl cells. Figure 4B shows that the level of cell surface expression of three GPI-CDR H3 mutants is similar to that of GPI-CDR H3(PG16). Figure S2 supplemental material shows that the expression of GPI-CDR H3 mutants did not alter the cell surface expressions of CD4, CCR5, and CXCR4. We then compared the susceptibilities of TZM-bl cells transduced with GPI-CDR H3 mutants (Y100 HF, D100IA, and G7) with those of TZM-bl cells transduced with GPI-CDR H3(PG16) by infecting these cells with HIV-1 pseudotypes generated with envelope proteins from Q168 (clade A), Yu-2 (clade B), CNE11 (clade BЈ), CNE15 (CRF07_BЈC), and CNE55 (CRF01_AE) as well as replication-competent HIV-1 Bru-3 and Bru-Yu2. A pseudotyped virus expressing retroviral envelope 10A1 was also used as a negative control. Figure 4C shows the fold increase in RLA in TZM-bl cells transduced with these GPI-CDR H3 mutants compared with GPI-CDR H3(PG16) after the infection. As expected, no significant difference in susceptibility to the 10A1 pseudotype control was found among TZM-bl cells transduced with the wild type and mutants of GPI-CDR H3(PG16). In contrast, TZM-bl cells transduced with GPI-CDR H3 mutants (G7, D100IA, and Y100HF) were significantly more susceptible to all HIV-1 pseudotypes and replication-competent HIV-1 than cells transduced with GPI-CDR H3(PG16). Among the three mutants, TZM-bl cells transduced with GPI-CDR H3 mutant D100IA were more susceptible (i.e., higher fold increases in infection) than cells transduced with GPI-CDR H3 mutant G7 or Y100HF, and cells transduced with GPI-CDR H3 mutant Y100HF was less susceptible (i.e., smaller fold increases) than cells transduced with GPI-CDR H3 mutant G7. 
GPI-anchored CDR H3(PG16) renders human CD4
؉ T cells resistant to HIV-1 but not to transduction of VSV-G-pseudotyped lentivirus. Next, we evaluated whether GPI-CDR H3(PG16) would confer resistance to HIV-1 in human CD4 ϩ T cells. Human CD4
ϩ CEMss-CCR5 cells (37) were transduced with GPI-CDR H3(AVF and PG16). The expression of GPI-CDR H3(AVF and PG16) as well as the expressions of CD4, CCR5, and CXCR4 in transduced CEMss-CCR5 cells were tested by immunostaining followed by FACS analysis as described above. In all cases, the levels of expression of GPI-CDR H3(AVF and PG16) as well as the levels of expression of CD4, CCR5, and CXCR4 between mock-transduced parental CEMss-CCR5 cells and GPI-CDR H3-transduced CEMss-CCR5 cells were similar (see Fig. S3 in the supplemental material). Transduced CEMss-CCR5 cells were then infected with HIV-1 strains Bru-3 and Bru-Yu2 at a multiplicity of infection of 0.01. As shown in Fig. 5A , the replication of HIV-1 Bru-3 was significantly inhibited in cells transduced with GPI-CDR H3(PG16) compared to cells transduced with GPI-CDR H3(AVF). At 6, 9, and 12 days postinfection there was a 2-log reduction in the amounts of HIV-1 Gag p24 produced by cells transduced with GPI-CDR H3(PG16) compared to the amounts produced by cells transduced with GPI-CDR H3(AVF). However, at 15 days postinfection, there was no significant difference in the amounts of HIV-1 Gag p24 produced by cells transduced with GPI-CDR H3(PG16) and cells transduced with GPI-CDR H3(AVF). As shown in Fig. 5B , compared to that in cells transduced with GPI-CDR H3(AVF), the replication of HIV-1 Bru-Yu2 was also significantly inhibited in cells transduced with GPI-CDR H3(PG16) throughout the experiments. At 6, 9, and 12 days postinfection there was a 1-or 2-log reduction in the amounts of HIV-1 Gag p24 produced by cells transduced with GPI-CDR H3(PG16) compared to cells transduced with GPI-CDR H3(AVF). At 15 days postinfection, there was still a 98% reduction in the amount of HIV-1 Gag p24 produced by cells transduced with GPI-CDR H3(PG16) compared to that produced by cells transduced with GPI-CDR H3(AVF).
Finally, we transduced parental CEMss-CCR5 cells and CEMss-CCR5-GPI-CDR H3(AVF and PG16) cells with a VSV-G-pseudotyped HIV-1 vector expressing enhanced green fluorescent protein (EGFP) as described previously (37) . The VSV-G envelope interacts with the lipid moiety in the lipid bilayer of the plasma membrane. Because of this, the VSV-Gpseudotyped lentiviral vector bypasses the requirement for the interaction between the HIV-1 envelope and its receptor and coreceptor to enter cells. We found that at all doses tested, the transduction of parental CEMss-CCR5 cells and CEMss-CCR5-GPI-CDR H3(AVF and PG16) cells with a VSV-Gpseudotyped lentiviral vector results in similar vector dose- dependent transduction efficiencies and transgene expressions (Fig. 6 ). These results demonstrate that GPI-CDR H3(PG16) does not inhibit VSV-G envelope-mediated viral entry, reverse transcription, integration, or the postintegration protein expression of the HIV-1 vector, indicating that the potent inhibition of HIV-1 replication seen for GPI-CDR H3(PG16)-transduced CEMss-CCR5 cells (Fig. 5) is HIV-1 envelope specific and at the level of viral entry.
DISCUSSION
The crystal structure of quaternary-specific antibody PG16 reveals a unique stable hammerhead structure of the CDR H3 subdomain that rises above the antibody surface to confer fine specificity (23, 24) . Thus, a crucial question is whether this unique architecture of CDR H3 itself is sufficient to recognize the quaternary epitope on the trimeric HIV-1 spike (gp120 3 / gp41 3 ) and exert neutralization. In this study, we constructed CDR H3s derived from five human monoclonal antibodies, PG16, PG9, b12, E51, and AVF, and genetically linked them with a GPI attachment signal of DAF. We demonstrate that fusion gene constructs are expressed and targeted to lipid rafts of plasma membranes through a GPI anchor ( Fig. 1 and 2 ). GPI-anchored CDR H3s derived from PG16, PG9, and E51, but not GPI-anchored CDR H3s derived from AVF and b12, on the surface of transduced TZM-bl cells specifically neutralize multiple clades of HIV-1 isolates with a great degree of potency (Fig. 3) . Moreover, GPI-anchored CDR H3(PG16), but not GPI-anchored CDR H3(AVF), on the surface of transduced human CD4 ϩ T cells specifically confers resistance to HIV-1 infection (Fig. 5) . Finally, the CDR H3 mutants (Y100HF, D100IA, and G7) that were previously shown to compromise the neutralization activity of antibody PG16 also abolish the neutralization activity of GPI-CDR H3(PG16) (Fig. 4) . Thus, we conclude that the CDR H3 subdomain of PG16 itself, when targeted to the lipid raft of the plasma membrane of HIV-1-susceptible cells, exerts HIV-1 neutralization.
Changela et al. (3) recently determined the crystal structure of another quaternary-specific human antibody, 2909, which has limited neutralization breadth against HIV-1. To test the role of CDR H3 in neutralization, the CDR H3 sequences between 2909 and PG16 were swapped, and the chimeras were assayed for neutralization activity. Intriguingly, a chimera composed of antibody 2909 with PG16-derived CDR H3 does not neutralize any HIV-1 isolates tested, while a reciprocal chimera composed of antibody PG16 with the 2909-derived CDR H3 does not express neutralization activity. However, when the CDR H3 from each chimera was paired with its native light chain, neutralization activity was recovered although at a much reduced level and at a limited breadth (3). It was not clear what role the light chain plays. However, in light of the finding in our present study that the CDR H3 of PG16 itself, when targeted to the lipid raft of the plasma membrane of HIV-1-susceptible cells, exerts HIV-1 neutralization, it is unlikely that the light chain of PG16 could play a functional role in antigen recognition. Its structural role in maintaining the conformation of CDR H3, if any, may be found only at the whole-antibody level.
Although in transduced TZM-bl cells GPI-CDR H3(PG16) exhibited remarkable breadth and potency against diverse HIV-1 isolates tested (Fig. 3) , in transduced CEMss-CCR5 cells GPI-CDR H3(PG16) showed significant inhibition only in the first 12 or 15 days postinfection (Fig. 5 ). This level of neutralization is quite different from what we previously reported for CEMss-CCR5 cells transduced with GPI-scFv (X5) (37) . The transduction of CEMss-CCR5 cells with GPI-scFv (X5) conferred long-term resistance to HIV-1 infection (37) . Although the difference may be attributed to the different forms, scFv versus CDR H3, it is more likely due to the different epitopes that the two antibodies (PG16 and X5) direct. In fact, we compared the anti-HIV-1 activities of TZM-bl cells transduced with GPI-CDR H3(PG16) and TZM-bl cells transduced with GPI-scFv(PG16) and found that cells transduced with GPI-scFv(PG16) exhibited less inhibition against HIV-1 pseudotypes than did cells transduced with GPI-CDR H3(PG16) (data not shown). The X5 epitope is a soluble CD4-inducible epitope, which resides within a conserved region (amino acid residues 417 to 434) of the gp120 core, particularly in the vicinity of amino acid residues at positions 423 and 432, which is in proximity to the CD4 and coreceptor binding sites (20) . It was previously shown that scFv (X5) neutralizes HIV-1 better than Fab and whole IgG (15) . The epitope recognized by PG16, however, is a glycosylated quaternary epitope (6) in a region on gp120 that includes the V2 and V3 loops. It forms, appropriately, only in the trimeric HIV-1 spike (36) . Because of this, antibody PG16 can simultaneously interact with two epitopes present only in the oligomeric (gp120 3 /gp41 3 ) HIV-1 spike. As a result, antibody PG16 may have a much better avidity of binding to gp120 than GPI-CDR H3(PG16), which interacts with only one epitope at a time, even though the latter is present in the lipid raft domain of the plasma membrane. Therefore, a redesigning of fusion gene constructs that express dimeric and trimeric forms of GPI-CDR H3(PG16) may result in more potent and broad entry inhibitors of HIV-1. GPI-CDR H3(PG16, PG9, and E51), with such a remarkable breadth of neutralization activity, should have potential either alone or in combination with other anti-HIV-1 gene constructs, such as GPI-scFv (X5), to be developed into antiviral agents for HIV-1 prevention and therapy. For example, GPI-CDR H3(PG16) and GPI-scFv (X5), due to their different specificities, could be codelivered into hematopoietic progenitor cells of HIV-1 patients ex vivo through a lentiviral vector, and transduced cells could then be transfused into patients, as recently described by DiGiusto et al. (5) . However, in order to achieve clinical efficacy with this gene therapy approach, many details, such as efficient transduction and engraftment, maintenance of self-renewal, hematopoietic linage cell differentiation of transduced hematopoietic progenitor cells, sustainable transgene expression, and avoidance of potential insertion mutagenesis, have to be worked out.
Finally, it was previously shown that a fusion protein comprised of a sulfated peptide derived from CDR H3 of antibody E51 with the Fc domain of human IgG1 binds gp120 and inhibits HIV-1 infection (7) . In the present study we show that in transduced TZM-bl cells, GPI-CDR H3(E51), like GPI-CDR H3(PG16 and PG9), also specifically neutralizes diverse HIV-1 isolates with a remarkable potency. Thus, it appears that GPI-CDR H3 can be an alternative approach for deter- mining whether CDR H3 of certain antibodies alone can exert epitope recognition and neutralization.
